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A^strac t
A review of the current commercial phosphcric acic fuel cell syster-oevelopment eTTcrts is presented. In Dot , the electric utility anc c^ s " , integ:atec eneea, syster appllcatiors, reeucing cost anc increasing re:iaoility are the trchnoleg . Irive75 et thiS ti me. The longstanclnc carrier to the attainment of these goals, nhicn ma-4tects itse: • in a numCer ct wa.s, has Deen r8:e:i&:S. The cifferences in approac among tht t h ree ma j or partici pants (Un it ec TeCnnclNies .cr poraticr, (UT:1, MestingnoLse Elect-;c :erC: ation;E nercy Research :orperatior, (%/VC ). anc E nceinare Ineustries` arc their unioue tecnnolocical features, incluoinc electrcees, matrices, interceli cooling, Dipolar/separator plates, electrolyte management, fuel selection anC system Design philosophy are oiscussee. Advancec research anc technology ef f orts supporting the cevelopme',t o f tnese systems are also mentionec.
E'a--.gr c, F: o numDe: ct yea:s t r .e ?n.sphouc Az.., F-tws Deer the itadin canc:sate fort: ct..
.•e: p:a-t sysset .. to::es..:a: ap;.:icatl.: .. I n itially, oe.elopme'-t T -m os ca , t primarily r r, e:tCt:i_ anc gas utiii:y s.,.:Ce_, from T .ie: ce.. 1*%. T aC*,L7e:a, a n c TrM :'+e DeDa:tfrrer t CI Detf-Sc
Tie er-f:C_ence of t h e hat:C'r 'S e,.e:... ra r CIC.;Ce p n ew Clr°^..,, CC.. a ^ •.. 7tc5tC ccve: ,v^ent supp C:t tc% ell y .
-t. ct Enerc. (DOE` a^c It-ne<« ^a:... or tot oe.e:oprte cT ;orfre:...,. p la n t syster E C..::e-•Liy DOE ._ t^t : .t ocvernrte r . spons,-c r . n•t Nat..re. F"t. " e:i p rcc:a^. The Elect::. PLIwe: FeSf.;Z I n st:tote iE-^ anc Lne Sas Resea:cn Ir^st:tL,t r uA: I "C. iGes:.;^ untie: sups.:, i n t he a:ta5 interest tc their res pective utility constituents.
A ma `c: De p s:t ment Cl Energy Fossil Enerc. (DOE'FE' gve: is tc cisc,:ace cis anc na:Lra: gas (Dtemiur fuels) with alternate fuel sou:CrS, Ca r t icu];;r!^ :-ca:. A ke. element in DOE'FE's strategy fc: ac n ie.ing t^is goal is its ;oa.
• e.lnbincv S::attyy a ,eztive tc develor system w^:.^ w l:. use coat i n a more ecrnom:c, eTtic ie-, anc r vizcme^tally accectar .e %nne: fo: the _'44 5 ant be.o, :. The DOE'FE Fue:ell Prog:nr ccr sO r •a-, wi t ' t-;! St:atecy. m;, § * e O T W ateriai P revious:, P:esu-tec at t r,t-1.dt rn Intersocirty E ne-gy -onversion E nCi ner:: nSont erence, boator, 40., OemOtystration of ope:ationai feasibility Dh&!,e situ a s.e fair mooule test scneoulec tc 'W concuctec on t''* -On EC networi. in aio-1 §661. lne u!' OS, IES program is in the eng:nee:1'g One oesigr (EW) phase of a pre protot ype ... ow S ,.stNx . Thus is to ctilfx:'yate in a preprotctvpt s " Sts vier:fication test which will tie coapletru I^ 010-1 9 t ' . Tne EA0 phase :eats Cirec tiv I n to w r ielc t est c t wo to 45 preprototv.e 40 k% pose: plants a ,-.c a parallel :oemerciu peveiopxen t Phase The 4.6 faa Oemr test represents an earlier phase of cell Oevelopment than the 40 rw preorototwe awe, therefore, ai terences exist in t he basic cell contlgurations of the two systeTS. «osever, it is expected that the gene:.l c ia :a:teristics of the cell she stac. technoiu9y tc ee eeveioDec fcr corr-e c.Cizat : or: will 'ne ve:t simila r ter rot , app licatlon s. bLA 11 0.6 11 !molar rata :ySLla ,t: 5, two -blase .lip:: coo:i nc systems. , i^ro.:s car z on'9:apn ite cell elexen ts anc sifxila- regulre'e • is c f 051E^, . i n 1 47 r, ER teanw. L4 with westl'yi.,.ar t< <xveiOr 00-site s,stems, . marriage that addles System anea y s:S, SVSteI* deslq', anc. cap«.:I:, to Eft eiectrocneTlcs. tt.nnulogyrsnginter:«: t-,ackg: oina. xb: a rece^t 1 v ha, p recrses, a 't-rear ► pro9:.R• that will result in am-Instration e 1 tf, eve: plant l ot utility SOv! I cat I on%.
The westihgtvduse i Eu on -site program is at the poi n t .Here mo st o f the Ma !, 1iN electrochemical carponent Whhiologv has deer 0evelope_. Presentl y . tht elactroci Ica. caaporents art Wing aptiel:to for cost an0 life, basic orsigr ark amlopsent is progmsing tot other pow@: plat y coaporrvts aro an initial system orsigr extort is Cmirte. The cost kria>,+t Characteristic of the WEIC power p lant is that one of the reactant gases. rather than a lio ►.ic. is used as the Stack coolant. In the gas coc:i^; se"e". the air loco straw is either Split 3ns:Ce the senito.0 into a reactant stress anc a ccc.a-: st ref ogle" 1100 intlaW *F t l y throur the f ut :
cell stack anc are mergac in the exit taan :tOlL, :: separate reactant aro cooling streams are sei ntaineo. The first gas cooling vatiatior , ^.: been csllee OI^AS (stanOing tot aisttltutec C:' by EIC . In swition. external raplenisrve-t cf the aciC aiectrelyte as well as accoaemcatlor c• vol,aw charges 0uri% operation has tile' inycorporatr.i.
aestungnowse's a pp :oar" is to aeveloc the WKS to be axle to market not just a I.A. tc electric conversucs or%ice, out a rota: enets> system that will supply all the spact conaltioning, water heating, anc electric pose: requirements for a resiciential or conmercl&A application.
The westirgnouse utility p rogram 1s at a point where cvnly a rough conceptual oesign case^ tan C'lCA5 cooling an.: On evaluation of this ot s lrnave :4e!^ completec. The results of V^is F PR I-f uncrlo stuC , . shnwee OIuA5 :..li ne tc re a teasiDle nethoc ct Dose: p lan.---t cooll ny 6% t t'r Dose: D:an t De::c:rxance an.^, coc..i, sec. cc`:s sere esti wiatec tc be satis f actor y . at " t'e ntst.iCkluse'ER on-site pros: am tit r^et tic,t., he uSlc has net ytt been oete: R iie 11 p:cg:afT isco ,nae:.a y at ER tc ir%N i ts taw. seveTa: rue: cell ap;.:catib^S anc tc oevelc; •mot. ce.i stac^ tecnne.W% . Their ekpt:ir'.t inluoeC builCing fuel cells f^, an A:r..y l;fan truck aevelop'+ent prcgrer , ar,,: Dui:Olg a'ti eu:^etln9 h-. iaCc:atc:v -si ro ze oe,str.::_ fuel Cells. The ) also have an Army-tun0ec rue. cell oe . eloome -t contract. Enje . Hare nos aeve:op en: stack compone,i ts, anc is xC ihnin ; tc .etine attractive appllcLt: .TS I n p:epa:ation of an OS IES system conceptual oesign ef'on . Tht component oeveiopmen t etfolt nos re$..te: in severe: unioue approaches to fuel cell oesig'.
One area :f inno*aticn 's tne1: two:a: pate, the oevlce wf, icl^ separates anc directs the tlos Cl rtacta n t^ as it Movloes elects: .a. CPnO►.Ct) M !twee" indlvicka: Cells. T han iCw`vt^tl:'^'.:
plate is a suyy. e pleat ;' also oevelOW a 10w cost cocllft; plate ,r%mt can be max : t conventional mtteria.s anc tabricateo using conventional furnace brazing techniques. The coc.ant is a oielectric liquid. Tnis cooler offers potential cost reduction over other liquic anc ebullient liquid coolers. A complete 5 ka power plant incorporating a methanol reforftf and a utilit) grin compatible power processor has been D%,ilt and testeC. Acid management capability that can accomrooete volume cwnges aLaing transients as well as acic addition as needed has been i•ncorporetec.
Phosphoric acid fuel cell technology afx; development efforts for both the electric utility anc OSiIES ex.ications are di:ecteo toward reducing cost, Increasing performance, increasing lite. dens imp r i vi fnq reliability. T nese, in turn, can oe reduces simyly to cost end reliability goals. I n the tec•vnolo(;y area, the most vexing p ronleff , the lonvgstarncinng barrier to tr* attainment o f these 90a15, mac Deen materials. In the cell catalyst layer, the carbon support must resist Oxioative ccrresion cr:1e the cataiyst asst resist disselutiVi anc sintering at the operating temperature, pressure, and potentiai. Botn Cel., and fuel processor catalysts must possess sufficient tolerance to fuel contasinants. The caroonigramite cell and stack materials must possess Just the right combination of structural p roperties. T tne seals must seal well, de aureole, anC net Contar ; r, ate. Metal parts thfou^PD.t the s y stetr mast possess the right structural ani t he: m'a: properties. a^i ass:. De ouraC:e. rinaii). al: Rateria:s must or test effective ono De easy tc ra n -facture. It ,a, Dee-ver y citticu. , tc, f i ns anc to dove loD materia ls that cou.d meet, sif^:taneous:), the cost anc reliacility gcals. 'he app roach t: sol ing these problems has :nv::vec tec tinolosy'oe.eioDr+e^t e • fc::^ gorses 5. systr. trace-ott stuc°es. deb dnitxn 1s also designed to act as an electrolyte reservolr. Figure 1 Illustrates the differences between the mTllOw cell and the ribbed substrate cell approach.
At present the ri pped substrate is fouricatee In three steps. A blend of carbon floors anc resin are 1) made Into a preform, 2) graphitizes and 3) willed flat and ribbed in a single pass cut on a milling machine. In the uitleete these three operations might conceivably be incorporates into a single, automated mass production process. Alobed substrate manufacture, which ca n be generally characteritec as a paper-facing type process, lands itself extremely well to the sommptation of most automation techniques.
Hl"I Temooraturt and Prftsui t► arat!m Quantitative mta on the performance increases aR to higher temi.:rature (37! 6c to 4k250F) anc to higher pressure gxration (50 to 120 psla; hat-6 been obtained. At initial tim, an expression was obtained for the effect of reactant pressure change ( 15 to 150 psis) upon Iii-free cell voltage of a cell operating at a constant 300 ASF.
S E ceil a Ds IN P 2 1P1
( 1) where a is reactant pressure anco is the sum c t the anode Nernst (tnermooynamic^ effect a-c cathece Tafel slope (kinetic) at the given temperature.
At 120 psia, ADOOF, 37'^ ASF, 2" x : su:scale cells have achieves a n initial performance 1..,rease of uC to 90 my compares to o:ce7 type ce:is o pe: a ing at 5C psia, 375aF, anc 300 ASF. rtowever, as expecteo, the nigher temperatures anc, t-a lesser extent, pressures alsc cause a ,. acceleration in the decay rates. Itne U7 power p la n t system, increasing pressu:e without increasing temperature is not possible because of the interoepenoence of cell coolant anc reformer concitions. Progress has Deen maor at reoucind the sharp cell performance decay rate occurring during high temperature and pressure operation. The rate of oecay has Deen reoucec from 60 my per 1000 hours to a pproximately 12 my per 1000 flours, wnicn is the 4 8 Mi oecay rate at 50 psia. (See Figure 2) Recently, 2" x 2" suosca:e ce.is have Deen successfully testes at 120 psia ano 400 OF ICI perioes c f up to 2000 hours at performance levels 9J my nigne: than the performance pre ,)ectec Tor the 4.P M► , Su psi anc 37SOF pone: p lan t. A.s., over the 2030 how: ouratioo the performance oezat matches the app rex:mate 12 m y /10J0 nour oeca^ rain of tn. 4.8 Aw p rojection . (See Figure 2F rog` Vie overall pla n t stanopoi n t, the ootlmar pressurr anc temperature oepMe not only on staCtec-o:ogy anc development, but also on the cos: ano performance im p lications upon balance of system (turDOCOmpressors, neat exc nangers. piping, etc.) i intercell Cooling Two-phase water cooling is the method useo. Tni n_ walleo, 2-pass copper tubes with stainless steel ►readers are the latest design, The acid environment requires the copper tubes to be coated mit t, a thin T e'ion rr otective film; however, this temice-twat transtrr somewhat. It* rhie' oisecNentage of these, lntercril coulees 1s t1ct'1t relatively high cost. T ►re etooa , ility of co;ler failure due to penetration Lit the film and sucMuent corrosian of the copper has not yet beer estaolivvc . However, consioeraDle test time has been wcua(.latee on partial stack (24 Calls) and full stacw ( 2 70 cells) testing so as to p rovide an acceptable level of confidence in the re.iat,11±ty of the protective tam. Tests \p to 0.O(i1 ►rot,: s i!' 0urct Ion have been run on partial star-ts and :k'.' ')A.:> 'as Dee-) d:^lev y :. or a full 2'0-col: atmospheric pressure stack without any coo.er t\.De failures.
Electro rs
Primary focus has bee , or cute catnoor. Probably the most important innovation of the ER technology program is the gas cooling methot,. One of these, the DICAS methoo (see Figure ) ) distributes process air to both the cathodes (via bipolar plates) ano to sceciai cooling plate.. The total amount of air that is requited for reaction plus that required tot cooling :t, supplied to the air Inlet manifold. Thu air then flows through the cell via both the cathooe t:Ge (cathodic) charnels of the bipolat plate ano the channels of a special coo . inc, plate. All of t , -,e alt is collectt4 In a Cowan emit WifolC ano flows to on external loop where neat is remove;., score of the oxygen depleted air is purged ano rresh air is aooeo such that steady operation is maintained.
Since the cathodic CtharvV 1 1 of the Dipolar p lates ano the cooling plate ct%,nnels are parall-1 paths for air. the flow split 1s oetermi nec oy tnt relative cross-sectional area, hence relative resistance, the colnooe ano cooling cnanne:s.
A typical desir is a 10:1 split wit h three times the stoicniometrically repuireo amount U stoics) or cathode has going to the cells ano 70 stoics gas going to the Cooli ►rg plates. (air, ne.ium, etc.) . This imp roves electrical pw orawe cue tc nighet D2 concentration of the cathode as veil as reoucinq the neee for acid resistan t heat exchr)gers in tre ceolino strew.
Tat\le . display s EK's comparison of DIGAS
LiQuiO cacli n g is D) or tie most comple x any exp ensive. It involves passing a llquio coolant t p )_ ugh special Cooling plates insetted at rep.lat intervals in the stack. The coolt .•a may remai n in the liDuic phase at all tl-.s '-S.
Oniv Its sensitle neat to cocl the stack, or the coolant ono. pa:tla:l y vaporlie usi-V :&tent heat fct pa:t cf t he coolir%C, loac. 
Total Differential Tempetetvit
This Concerns tompefeture gra0ients across a fuel cell stack. The total teeperatOrtr 01flerantial. 81, between any two point% jr, tre stack contains two components, a eT in the stack direction (perpenOlcular to octn reactant 1. ,) anc a al in the flow direction ( parallel to one reactant flow). It Is Important to mai n tain t-* stack temperature within a fairly narrow Oahe. If the temperature drops too low, ;U poison ing o f tnc catalyst becomes a problem, r+o It the tampetat..fe is too high, the operating limit or the stack materials Is exCo@C*C. A commonly acceptec operating range is between 350 ono a00 OF. S:rtie ever ) cell is cooled equally in the process gas metn00. there is no st ar Ing direction cdmpoe^t o f the total ^T. Also, since the coolant dlrect.) contacts ever ) ce::, the inlet area i^ coolac k.t than in other metroas; this accounts for the large :.T in the flow direction. For both the Vs one liquid cooling methods, the sam! number M cells between+ cooling plates is assumes. This sets the stacking direction aT at 15 OF for both systavts. The difference In flow 0irection eT res.-Its frcym the differences In liquid anc gas neat trrns t e: Marecteristics.
"Ctai Auxl.Iyy Jove:
T 'ese :eok,!rrme n ts are mainly a f unction of t'ne amcnr! Cf coolan! circulatec anc t^t ::oss-se:tion:. area of the Coolant passages. As e%pe;tec. the power reouirements for pu';inti a ilo.,le coolant is Quite small. Since aii tae ccc:ing air flows to: wgn the cathoric dramatis cf t he hive -a: ;:ate, the power reouiremc ,)t is c-to :a:;,e t or t'ne process gas met •noc. Power for tax :-W: twc oar s ) stems lies between the !w_. T',c same amount o f gas mkt De circilatec througr t^r star as t-* C7CCess ?a .. met •ncc, O,.t a :LC! f raction passes Lira ogr, the lar ge area coo..,N Plate psssaar^-. p ress":e Drcc &cress :e::
MIS is a 1unctlon O f t ot air f1Lw through t"r cathodic channels of the biVc:a: p late. The sa-t wok,-t o f cathoor u: is reouirec for Dot" gas an, liQuic cooling, hence the same p ressure crop . Irw higr pressure crop for process gas coo:Inc. reflects tot hign air flow rate requires tnrougr• t'le cathocic cnannels. basec on t'e above consioeraticns. E ci ►us con:.,,oec that the gas cooling cone. in As eiscusse; pre viOUSly, one o f the ma so: aramoacks of gas coolie is a Nigher total ol f feren tial stac• temmtperature tmathat of liquid cooling. aestingxnuse is presentl y redesigning the gas cooling p lates in an efrott to reduce the differential temperature. f+esu;ts of the simulation sno. that a -@ or c:fterentlai temperature can be schleved with pro per Deiigr.
This comes close to wnat can t'e ach ieveo sit?, ligaic cooling.
•estlrgause eaprwec their ;:omputr: MCKW , tc i hciuce simulation of the other wbsyste*s i n the e uel cell power p lant arc total merry systems. T he mmooel ihCljoes per f ormance an c economic calculations. Tray-offs have been made 'hat optimize the iota. energy system as a whole rattne: than WtimiziN gust the fur: cel: prow!: plant itse:f. . In t rie star• axes, two navel nick ar eDpr oacnes appear promising. uncwt subcontract. P fizer is oeoe.Op1'1r cnee :ca.li, resista n t cdrtxln (vitreous ca:Don ana grwhitr' struct.. r p s startlN with reticulated vitreow, cirocnrs or clot l ,s. One of these stt 'itures, the so-caller b element, is immpe:wwwle to gas trans port ana oil: sere as the bipolar separato r , plat* connecting two acjWent cells. See Figure a. (In tfte t!f_' TAU= substrate integral cell concept, this is (!r 's se purate: plate. n The other structure, the so-called A element, is porous to permit fuel or oaielzer transport to the alectrochwacelly active electroee areas (whist+ could be an the A elements). Graphite structure using Pfizer's t'fvewm ical vapor Deposition tacriniques are being utilized to he.'; p roaute the requlrec properties In both A am a element;. The resulting Dipolar plate consists of a B element sanD.ichee betow. twc A elements. Electrolyte storage can be accowwnoaterr i n the A element. I n the secone approach , thi n graphite plates are sepmrstee Dy a gas-impermeable layer o f a Chemically resistant material (such as graphite) that permits satis f actory electrical and tnev.al r., d tivity. Grooves in each plate will permit reactant transx: t . 1 1 the E,tapnite plates art porous arc connected suitably to the matri n , they can previde an l;ectrolyte reservoir f or matrix reple n isf mm t or for overflow volumes resulting from Charging conditions (volume tolerance). 
